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Ecological niche models (ENMs) provide a means of characterizing the spatial distribution of suitable conditions for species,
and have recently been applied to the challenge of locating potential distributional areas at the Last Glacial Maximum (LGM)
when unfavorable climate conditions led to range contractions and fragmentation. Here, we compare and contrast ENM-based
reconstructions of LGM refugial locations with those resulting from the more traditional molecular genetic and
phylogeographic predictions. We examined 20 North American terrestrial vertebrate species from different regions and with
different range sizes for which refugia have been identified based on phylogeographic analyses, using ENM tools to make
parallel predictions. We then assessed the correspondence between the two approaches based on spatial overlap and areal
extent of the predicted refugia. In 14 of the 20 species, the predictions from ENM and predictions based on phylogeographic
studies were significantly spatially correlated, suggesting that the two approaches to development of refugial maps are
converging on a similar result. Our results confirm that ENM scenario exploration can provide a useful complement to
molecular studies, offering a less subjective, spatially explicit hypothesis of past geographic patterns of distribution.
Citation: Waltari E, Hijmans RJ, Peterson AT, Nya´ri A´S, Perkins SL, et al (2007) Locating Pleistocene Refugia: Comparing Phylogeographic and
Ecological Niche Model Predictions. PLoS ONE 2(7): e563. doi:10.1371/journal.pone.0000563
INTRODUCTION
The most compelling evidence that ongoing climate change
processes will impact species distributions results is provided by the
response of organisms to past climate change [1]. Only 18,000–
21,000 years ago, at the Last Glacial Maximum (LGM),
landscapes and climates of North America were dramatically
different from the present day. Continental ice sheets extended
over much of the northern portion of the continent, climatic
conditions were considerably drier and colder, and lowered sea
levels exposed the Beringian land bridge, connecting the North
American and Siberian land masses [2].
LGM distributions of animal and plant species were similarly
different from present distributions, particularly in temperate
areas, in large part in response to changing climate and landscape
conditions [1,3]. Most species experienced reduction and frag-
mentation of ranges [4–5] because of intrusion by uninhabitable
continental ice sheets, distributional shifts and fragmentation of
primary habitats such as coniferous forests or deserts, and the
development of unfavorable climate conditions beyond species’
physiological tolerances. As temperatures warmed from the LGM
to present, populations isolated in single or multiple refugia often
expanded their geographic distributions as new areas became
suitable [6].
Understanding Pleistocene refugial distributions of species has
been a core task in historical biogeography for at least four
reasons. First, current population genetic structure, within- and
between-species genetic diversity, and potential for adaptation to
local conditions depend on historical population structure [7].
Second, multiple species in similar habitats may have responded
comparably to Pleistocene climate changes [8], thus occupying
similar refugial locations. Alternatively, local adaptation to
differing regional conditions may have occurred, with distinct
paleogeographic implications [e.g. 9]. Third, refugia based on
biogeographic evidence can guide paleoenvironmental reconstruc-
tions [e.g. 10]. Finally, accurate knowledge of distributional
responses to past climate change can provide an excellent
calibration for predictions of the consequences of present-day
climate change [11–12], including the mode and tempo of
recolonization of newly available habitats [13].
Pleistocene refugia have been identified based on different types
of historical biogeographic evidence. Prior to the 1990s,
hypotheses were based primarily on distributions of presumed
sister species, disjunctions of species’ distributions, fossil distribu-
tional data, and paleoenvironmental reconstructions [e.g. 14].
More recently, however, the advent of intraspecific molecular
phylogeographic approaches [15] has allowed for stronger
inferences about identification of likely refugia based on distribu-
tions of genes across landscapes. These phylogeographic studies
use patterns of differentiation and similarity to infer locations and
disjunctions of past populations, as well as sequences of historical
biogeographic isolation events that led to current patterns [16].
Such approaches, however, each have inherent biases and
difficulties. For example, use of fossil data alone is problematic
because inference of refugia requires precise and correct
identification of fossil material during relatively narrow time
periods; only in rare cases are taxonomic, spatial, and temporal
resolution all sufficient for such inference [17]. Similarly, whereas
phylogeographic analyses can locate areas with multiple lineages
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or high genetic diversity that can be indicative of refugial locations
[4], extinctions of genetic variants, incomplete sampling and large-
scale range shifts can obscure patterns and make inference of past
distributions difficult [18]. Hence, refugial locations are often
described with an overly broad geographic brush (e.g. ‘‘western
United States’’; Table S1) in the phylogeographic literature.
Here, we explore a novel method for locating and describing
Pleistocene refugia [19–20], the use of ecological niche models
(ENMs) in conjunction with paleoclimatic reconstructions. ENMs
relate known occurrences of species to data describing landscape-
level variation in environmental parameters of importance to
species’ distributional ecology, resulting in models of inferred
environmental requirements. These models can be used to predict
potential distributional patterns for the species [21]. Such
projections assume that a species is in equilibrium with its
environmental requirements, i.e., its distribution is mainly de-
termined by the environment, and not by other factors such as
competition or dispersal limitation. Similarly, under assumptions
of niche conservatism [22], which have been tested extensively
[23–26], ENMs can be projected onto paleoclimate reconstruc-
tions to identify past potential distributions [19,26–27].
One obstacle to applying ENMs for predicting past distributions
has been that the spatial resolution of modeled LGM climates was
coarse, with grid cells typically 50 km or greater; such coarse-
resolution climate data smooth over and obscure sharp environ-
mental gradients and narrow barriers to dispersal. However, here
we use recent downscaled high-resolution estimates of LGM
climate parameters (see Materials and Methods), permitting a more
detailed picture of LGM environments. Marked improvements
have also been made in availability of species occurrence data
thanks in large part to development of distributed biodiversity data
resources [28–31]. The combination of these two advances makes
possible much greater detail and accuracy in ENM applications to
identification of potential Pleistocene refugia.
This suite of ideas has been discussed amply in recent years
[25,32–33], but worked examples are only beginning to appear [19–
20,26–27,34–37]. Studies that have used ENM approaches have
focused either on particular regions [e.g. 38], or single-taxon
examples [e.g. 39], Peterson and Nya´ri, submitted]. Here, we test the
ability of ENM approaches to reconstruct LGM refugial locations
across a diverse suite of 20 species of North American terrestrial
vertebrates (Table 1). We chose these species based on the
availability of networked occurrence data and detailed phylogeo-
graphic predictions for refugia, and we restricted ourselves to North
America because of the relatively well-established understanding of
its paleoclimate. We find that ENM and phylogeographic predic-
tions are frequently closely correlated, suggesting that the two
approaches are converging on similar solutions and that the two in
tandem may offer exciting new insights.
RESULTS
We focused this survey on comparisons of LGM potential
distributional summaries between ENM and phylogeographic
reconstructions. As such, we were concerned with both the
coincidence (measured here as spatial overlap between the two sets
of predictions), and the degree to which ENM predictions were
broader spatially and less discerning in terms of identifying
geographic isolation in LGM refugia (see Materials and Methods).
Close concordance between the two approaches would indicate
that they are converging on a common solution, which would
constitute an improved view of LGM distributional potential in
species.
Overlap values of the 20 species examined ranged 0–95%
(average 52%); two species showed no overlap between ENM- and
phylogeographic-predicted refugia (Table 2). The over-prediction
ratio ranged 0–7.9 (average 2.3). In terms of number of refugia
predicted, species averaged 2.6 distinct refugia predicted by
phylogeographic studies, as compared with 1.5 distinct refugia
based on ENM predictions. Comparisons of phylogeographic and
ENM predictions for each of the 20 species are available as Figures
S1,S2,S3,S4,S5,S6,S7,S8,S9,S10,S11,S12,S13,S14,S15,S16,S17,-
S18,S19,S20 in Supporting Information; four examples are shown
in Figure 1.
Results of the spatially-corrected correlations between ENM-
predicted suitable habitat at the LGM and phylogeographically
predicted refugial locations are shown in Table 3. As expected,
using a spatial correlation approach dramatically lowered the
degrees of freedom and thus the power of the statistical test to
distinguish between random and nonrandom correlations. How-
ever, even so, 14 of the 20 comparisons showed a significantly
stronger than random correlation between the two different
predictions (e.g. Figure 1A,B). In three of the six cases where we
could not reject the null hypothesis of no association, the P-values
missed the set significance criterion of 0.05 only marginally (i.e.
0.05,P,0.10).
DISCUSSION
Advances in molecular methods and incorporation of novel
analytical techniques (e.g. coalescent approaches; [40]) have
produced a flood of literature examining phylogeographic patterns
Table 1. List of the 20 vertebrate taxa examined, number or
occurrence points used in ecological niche modeling, and
number and source of phylogeographic refugia predicted.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Taxon Name
Number of
Occurrences
Number of
Refugia Reference
Mammals
Arborimus longicaudus 57 3 69
Blarina brevicauda 750 4 70,71
Dicrostonyx groenlandicus 89 4 10
Glaucomys sabrinus 280 2 54
Glaucomys volans 159 1 54
Lepus arcticus 34 4 52
Martes americana 214 2 72
Myodes gapperi 746 3 73
Amphibians/Reptiles
Ambystoma maculatum 150 3 74
Crotalus atrox 216 4 75
Desmognathus wrighti 23 1 76
Dicamptodon tenebrosus 40 2 77
Elaphe obsoleta 267 3 78
Eumeces fasciatus 109 6 79
Lampropeltis zonata 39 3 80
Plethodon idahoensis 66 1 81
Birds
Chamaea fasciata 87 1 82
Dendragapus obscurus 174 2 83
Poecile gambeli 190 2 84
Polioptia californica 38 1 85
doi:10.1371/journal.pone.0000563.t001..
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for many species, often identifying areas that constituted past
refugia (see [5] for one review). Given the time frame of resolution
of coalescent methods, many of these studies focus on Pleistocene
refugia. The phylogeographic approaches, however, have two
important limitations that are directly relevant to this study. First,
the geography of the lineages and their splitting events is
reconstructed subjectively via reference to inferred paleodistribu-
tional shifts rather than incorporating geography and paleoenvir-
onmental conditions explicitly. Second, dating key events precisely
from molecular data presents numerous challenges [41]. Here, we
provide the first broad survey of taxa to evaluate how well ‘back-
casting’ of ecological niche models can complement phylogeo-
graphic approaches in identifying refugia. A clear advantage of the
ENM approaches is that they provide an explicit tie to
environment and geography not available from the phylogeo-
graphic analyses.
The question posed in this paper was simple: do ENM and
phylogeographic techniques, which utilize radically different data
sources and analytical approaches, lead to concordant reconstruc-
tions of LGM biogeography of species? Overall, we found that 14
of 20 species examined had significant agreement between the two
reconstructions (Table 3; Figure 1), although differences do exist.
These results, along with considerable work published elsewhere
and by numerous research groups [21,42–46], support the idea
that the bioclimatic variables used in our ENM predictions (see
Materials and Methods) are of importance to the past and present
distribution of the species analyzed [21] and may be suitable for
other species. In the paragraphs that follow, we discuss patterns of
concordance, as well as reasons for the differences. We also attempt
to take initial steps toward a synthetic methodology for incorporating
paleodistributional reconstructions in systematic studies.
Factors reducing overlap of LGM reconstructions
Multiple factors, both extrinsic and intrinsic, can reduce overlap
between ENM and phylogeographic LGM refugial reconstruc-
tions. First, we note that decisions involved in combining results
from different ENM algorithms and paleoclimatic reconstructions
is a complex task [45,47]. Because our approach focused on
increasing resolution and definition of refugia, we may un-
derestimate LGM distributional potential somewhat. Considera-
tions regarding threshold values can act similarly to yield broader
or narrower areas predicted habitable [46], with the same costs
and benefits. All of these factors should not be overlooked when
assembling ENM predictions.
Differences between ENM and phylogeographic results may
also spring from the effects of biotic interactions on species’
distributional potential. Considerable debate exists regarding the
1A 1B
1C 1D
Figure 1. Ecological niche modeling reconstructions of Pleistocene Last Glacial Maximum (LGM) refugia for four taxa. Refugia identified in
phylogeographic studies are shown as black outlines. Areas predicted to be refugia are in green, areas not predicted are in gray, and hatching
indicates approximate locations of ice sheets [68]. Gray lines indicate present day coastlines. (A) Crotalus atrox and (B) Polioptia californica, examples
of significant overlap and minimal over-prediction. (C) Elaphe obsoleta, an example of lack of resolution in ENM predictions in cases of riverine barriers
dividing likely LGM refugia. (D) Desmognathus wrighti, an example in which both LGM refugium reconstructions are minuscule and in close apposition
(although non-overlapping).
doi:10.1371/journal.pone.0000563.g001
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degree to which niche models capture these interaction effects and
the degree to which interaction effects may disrupt predictivity
over space and time [21–22,48–49]. For example, dispersal
limitations constrain species from colonizing the full spatial extent
of their potential distributional areas (e.g., the potential distribu-
tional areas around Newfoundland for Dendragapus obscurus, Blue
Grouse, of western North America). The reptiles, small mammals,
and non-migratory birds in the study could be expected to have
roughly similar dispersal capabilities. In contrast, both of the
species showing null overlap were salamanders, which generally
have lower dispersal rates [50], although the average overlap
among all four salamander species was not significantly lower than
in other taxa. Evolutionary history may also be a constraint,
whereby potential distributional areas are not inhabited owing to
presence of a sister taxon instead of the species in question [24].
This appears to be the case for Myodes (Clethrionomys) gapperi
(Southern Red-backed Vole), where the closely related M. rutilus
likely occupied the Beringian LGM refugium identified in our
analyses [51].
Another consideration is that certain biogeographic barriers are
more easily detectable in ENM analyses than others, given the
nature of the paleoclimatic layers currently available. Mountain
ranges or large ice sheets are reflected in climate layers, as they
present major differences in temperature and precipitation
profiles. Smaller barriers, however, may be less easy to detect,
particularly river systems, which are not generally represented in
climatic data sets. Such small but strongly vicariant features have
been implicated in separating populations in groups such as Blarina
brevicauda (Northern Short-tailed Shrew), Eumeces fasciatus (Five-
lined Skink), and Elaphe obsoleta (Eastern Ratsnake; Figure 1C), and
may explain some discordance in results between ENM and
phylogeographic prediction. Overall, however, our results indicate
that the ENM approach is quite powerful in estimating LGM
distributions.
We had two cases of null overlap between the two refugial
predictions (Desmognathus wrighti (Pygmy Salamander) and Plethodon
idahoensis (Coeur d’Alene Salamander). Both have very small
geographic distributions, although LGM ranges were recon-
structed successfully for other species with small ranges (e.g.
Arborimus longicaudus; Red Tree Vole). These two ‘failures’ in the
ENM approach, may be instructive, as they are quite different. In
the case of D. wrighti, the ENM LGM refugial predictions are
shifted just 100 km south of the phylogeographic reconstructions
(Figure 1D). This case may be one in which the spatially-explicit
ENM predictions provide a qualitative advantage over the
phylogeographic approaches by identifying refugial areas much
more precisely. In P. idahoensis, however, no suitable conditions
were identified near the species’ present distribution, and
discordance about suitable habitats was found between modeling
algorithms, suggesting that the ENM predictions in this case may
be of poor quality owing to incomplete representation of
environments in the training data sets. A related problem is that
incomplete knowledge of past landscapes and environments may
lead to erroneous conclusions. For example, the Lepus arcticus
(Arctic Hare) phylogeographic prediction [52] is heavily de-
pendent on the northern limits of ice sheets in North America,
Table 2. Data comparing ecological niche model predictions and phylogeographic predictions of refugia across 20 vertebrate taxa.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Taxon Name Overlap (%)
Ratio of ENM predicted pixels to
phylogeographic predicted pixels
Number of predicted
phylogeographic refugia
Number of corresponding
ENM refugia
Mammals
Arborimus longicaudus 61.6 1.02 3 1
Blarina brevicauda 20.4 1.05 4 3
Dicrostonyx groenlandicus 67.7 1.38 4 3
Glaucomys sabrinus 49.9 2.18 2 2
Glaucomys volans 59.1 0.99 1 1
Lepus arcticus 10.6 3.09 4 2
Martes americana 46.0 2.87 2 2
Myodes gapperi 80.5 2.69 3 2
Amphibians/Reptiles
Ambystoma maculatum 41.7 2.05 3 1
Crotalus atrox 69.2 2.69 4 3
Desmognathus wrighti 0.0 0.08 1 0
Dicamptodon tenebrosus 79.3 7.90 2 1
Elaphe obsoleta 71.0 1.70 3 1
Eumeces fasciatus 43.0 1.04 6 2
Lampropeltis zonata 65.9 1.27 3 1
Plethodon idahoensis 0.0 0.00 1 0
Birds
Chamaea fasciata 65.9 2.69 1 1
Dendragapus obscurus 79.7 5.05 2 1
Poecile gambeli 39.2 4.52 2 2
Polioptia californica 94.7 2.63 1 1
Average 52.3 2.34 30/52
doi:10.1371/journal.pone.0000563.t002..
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which are still not well resolved [53]. The result that two of the
four ENM-predicted refugia for L. arcticus are in areas considered
to be ice-covered at LGM may actually be correct, but will have to
await additional and improved information on LGM landscapes
and environments.
Our approach to model consilience was designed to minimize
over-prediction of refugial distributional areas. As a result, this
approach not only had lower over-prediction ratios (Table 2), but
also was more successful in identifying LGM barriers to dispersal
and gene flow between refugia than less conservative approaches
explored initially (not shown). Whether some level of over-
prediction still remains, however, is a question that will await
further analysis and testing. Of 15 species with multiple
phylogeography-based refugia, ENM-based approaches discov-
ered multiple corresponding refugia in nine species, and yet others
showed range constrictions and fragmentation that may have
contributed to isolation of populations at LGM. In the cases in
which ENMs did not find distinct refugia, factors discussed above
causing reduced overlap may be playing a role, especially small
barriers such as rivers. In addition, discrepancy in corresponding
refugia may in fact be due to the wide range of phylogeographic
refugia predictions, some of which are very coarse (e.g. Glaucomys
sabrinus; Northern Flying Squirrel). Because ENM approaches in
such cases are often more refined, the use of ENM to complement
phylogeographic predictions will likely improve inference of
Pleistocene refugia (see below).
Improving LGM refugial reconstructions
ENM methods are only beginning to be applied to the challenge of
reconstructing paleodistributions [19–20,38] and others men-
tioned in introduction], but we believe this approach to have great
potential. New, higher-resolution paleoenvironmental data sets
such as the LGM climate data used herein are increasingly
available, so further related research in this realm should be
increasingly fruitful. Finer-scale resolution, and additional, bi-
ologically-relevant paleoenvironmental layers (e.g., of soil types,
hydrology, land cover, etc.) will likely increase further the quality
and resolution of ENM predictions.
A related issue is that, for the moment at least, our ENM
refugial projections are solely to LGM conditions, and not to
earlier or later conditions. Each lineage, obviously, has a history
that extends over previous Pleistocene glaciation events, and back
into the Pliocene or earlier. For some of the species examined,
phylogeographic predictions extend even further back into history
[e.g. 54]. We envision that in the near future, deeper-history
reconstructions will become available, which should provide
a picture of climatic conditions across the alternating warm and
cold periods during the Pleistocene [55]. Including these
additional time slices representing other points in the Pleistocene
and early Holocene [56] will allow detailed examination of
changes in paleodistributions of species, and thus be greatly useful
in historical biogeographic studies.
Table 3. Spatially-corrected correlations between ecological niche model predictions and phylogeographic predictions of refugial
locations at the Last Glacial Maximum across 20 vertebrate taxa.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Taxon Name Overlap (%)
Number of pixels in grid
(uncorrected d.f.) Pearson’s r Corrected d.f. Corrected F Corrected P
Mammals
Arborimus longicaudus 61.6 2074 0.483 566.2 172.1 ,0.001**
Blarina brevicauda 20.4 2366 0.154 128.6 3.15 0.078
Dicrostonyx groenlandicus 67.7 2989 0.496 17.73 5.79 0.027*
Glaucomys sabrinus 49.9 2781 0.261 58.2 4.26 0.043*
Glaucomys volans 59.1 1791 0.570 46.9 22.7 ,0.001**
Lepus arcticus 10.6 2329 0.009 614.8 0.054 0.815
Martes americana 46.0 2322 0.193 77.9 3.02 0.086
Myodes gapperi 80.5 1742 0.431 88.7 20.27 ,.001**
Amphibians/Reptiles
Ambystoma maculatum 41.7 1809 0.274 118.5 9.64 0.002*
Crotalus atrox 69.2 1234 0.342 114.8 15.24 ,.001**
Desmognathus wrighti 0.0 n/a n/a n/a n/a n.s.
Dicamptodon tenebrosus 79.3 2217 0.285 868.9 77.1 ,.001**
Elaphe obsoleta 71.0 1819 0.511 83.9 29.61 ,.001**
Eumeces fasciatus 43.0 1809 0.388 107.1 18.94 ,.001**
Lampropeltis zonata 65.9 2096 0.586 344.3 180.3 ,.001**
Plethodon idahoensis 0.0 n/a n/a n/a n/a n.s.
Birds
Chamaea fasciata 65.9 1735 0.425 446.9 98.5 ,.001**
Dendragapus obscurus 79.7 2322 0.322 91.6 10.59 0.001**
Poecile gambeli 39.2 2352 0.154 157.3 3.83 0.052
Polioptia californica 94.7 1323 0.569 307.7 147.4 ,.001**
*indicates significance at less than 0.05 P-value.
**indicates significance at less than 0.001 P-value.
‘n.s.’ indicates non-significance.
doi:10.1371/journal.pone.0000563.t003..
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Phylogeographic analyses are expensive, in terms of both time
and resources. ENM approaches offer a first approximation of the
spatial distribution and extent of potential Pleistocene refugia, an
approximation that will likely improve as more environmental
reconstructions become available. It is tempting to ask the question
of which of the two methods explored here (ENM and
phylogeography) is better in reconstructing Pleistocene refugia.
Of course, each has advantages and disadvantages that are only
beginning to be appreciated thanks to the novelty of the ENM
approaches. We do not see the two approaches as competing;
rather, the rigorous, population genetic nature of the phylogeo-
graphic approaches is made more explicit spatially and temporally
by the ENM approaches, making for an even more quantitative
product.
We recommend that biogeographers consider these methods
both for experimental design and for comparison with phylogeo-
graphic results. For example, ENM predictions can be used in
study design to pick key regions for sampling, corresponding to
potential LGM refugial isolates. Later, tandem implementation of
ENM and phylogeographic techniques will produce a better
understanding of species’ distributions in the Pleistocene. Of
particular interest are cases in which phylogeographic and ENM
approaches do not overlap, as confidence in one set of results or
the other is called into question, providing some level of
falsifiability of reconstructions. Finally, ENM methods can
incorporate phylogenetic lineage-specific ENMs, applications of
which are now beginning to appear [38]; Peterson and Nya´ri,
submitted]. Similarly, we note that the geography of paleogeographic
reconstructions in phylogeographic studies has been subjective, so
we hope that this pairing of methods can lend increased rigor to
that field. Such methods, especially when combined with primary
phylogeographic and fossil data will also bring an exciting new
dimension to biogeographic research.
MATERIALS AND METHODS
Environmental data
To create LGM climate layers for use in the ENMs, we used
current and LGM monthly climate data at 2.59 spatial resolution.
Current climate data from the WorldClim database [57] were
used, whereas LGM climate data were drawn from general
circulation model (GCM) simulations from two models: the
Community Climate System Model (CCSM) [58] and the Model
for Interdisciplinary Research on Climate (MIROC, version 3.2)
[59]. The original GCM data were downloaded from the PMIP2
website (http://www.pmip2.cnrs-gif.fr), with a spatial resolution of
2.8u, or roughly 3006300 km.
We created monthly climate surfaces at 2.59 spatial resolution
as follows. First, at the native coarse resolutions, we calculated
the differences between LGM and recent (pre-industrial)
conditions. These differences were then interpolated to 2.59
resolution using the spline function in ArcInfo (ESRI, Redlands,
CA) with the tension option. Finally, the interpolated difference
maps were added to the WorldClim current climate data. This
procedure had the dual advantage of producing data at
a resolution relevant to the spatial scale of analysis, and of
calibrating the downscaled LGM climate data to actual observed
climate conditions.
ENMs were based on the 19 bioclimatic variables in the
WorldClim data set [57]. These variables represent summaries of
means and variation in temperature and precipitation, and likely
summarize dimensions of climate particularly relevant in de-
termining species distributions (Text S1 in Supporting Informa-
tion). All ENM development (i.e., present-day analyses) were
developed within one of three sub-regions: ‘North,’ 30–180uW,
30–85uN; ‘West,’ 100–130uW, 20–60uN; ‘East/South,’ 50–
130uW, 5–55uN.
Species selection and occurrence data
We focused on North American terrestrial vertebrates for three
reasons: (1) ample individual phylogeographic analyses have been
developed; (2) occurrence data are abundant and are already
networked for ENM development; and (3) LGM environments of
the continent are relatively well understood [1,3]. We focused on
taxa for which detailed phylogeographic studies (i.e., covering the
entire range of the species) are available, and attempted to include
a diversity of range sizes (narrow to broad), choosing 8 mammals,
4 reptiles, 4 amphibians, and 4 non-migratory birds (Table 1).
Occurrence data for the 20 taxa is listed in Dataset S1 in
Supporting Information.
We used networked biodiversity information systems of natural
history collection data (e.g. MaNIS, HerpNET, ORNIS and other
DiGIR providers) to collate species occurrence information from
multiple repositories for the focal taxa, thus drawing data from
numerous institutions (see Text S2 in Supporting Information).
We first removed duplicate records for the same species collected
at the same site, and then assigned geographic coordinates based
on textual locality descriptions (localities within 0.1u of one
another were removed to reduce effects of spatial autocorrelation)
using a combination of the Biogeomancer workbench [60] and the
GeoLocate desktop program. To avoid basing ENMs on imprecise
occurrence data, only records with geographic uncertainty [61] of
less than 15 km were retained for analysis.
ENM approaches
Recent studies have advised a consensus approach in ENM
development, in which multiple algorithms are used [46,62]. Thus,
we applied both the Maxent [63] and GARP [64] algorithms to
construct ENMs. Both programs generate ENMs using only
presence records, contrasting them with pseudo-absence data
sampled from the remainder of the study area. In each case, we
developed present-day ENMs based on occurrences within the
mask appropriate to the particular species, but then projected the
ENM to both present-day and LGM conditions across all of North
America. We chose not to mask LGM ice sheets because their
margins are still under debate [53], and including these likely
unsuitable areas results in a more conservative approach and
avoids additional assumption making.
For Maxent (version 2.3) [63], we used the default convergence
threshold (1025) and maximum number of iterations (500) values,
using 25% of localities for model training. We let the program
select both suitable regularization values and functions of
environmental variables automatically, which it achieves based
on considerations of sample size. Maxent outputs a continuous
probability value, ranging from 0 to 100, an indicator of relative
suitability for the species, based on the principle of maximum
entropy, as constrained by the input occurrence data.
We also used Desktop GARP (version 1.1.6) [64] to construct
ENMs. For each species, we created 100 random replicate GARP
models, using the default parameters of convergence limit (0.01)
and maximum iterations (1000). To select the best ENMs from
among the replicate model runs, we followed Anderson et al. [43]
in prioritizing low-omission models for further consideration (the
20% of replicate models showing lowest extrinsic omission error),
and then retaining the central 50% of the distribution of areas
predicted present to avoid models showing high commission error
rates.
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Thresholds and model combination
Given two LGM climate reconstructions and two ENM
algorithms, we have four LGM reconstructions of suitable
conditions for each species (Figure 2). Although the individual
model projections and similarities and differences among them are
relevant and interesting, for the purposes of the present analysis we
opted to seek consensus among different LGM projections for each
species. Hence, to reconcile results, we first chose thresholds for
GARP (raw output ranged as integers 0–10) and Maxent (raw
output ranged as a real number 0–100) results. For GARP, we
used a threshold of .5 (G5), or that area predicted present by at
least half of the final 10 replicate models [20]. For Maxent, we
used a value of 10 (M10), which has also been suggested as an
appropriate threshold [46]. In all cases, these thresholds identified
smaller areas than a lowest presence threshold that yielded zero
omission error, thus resulting in more restricted pictures of
potential LGM distributions. Application of these thresholds
effectively rendered each LGM projection into a binary form,
predicting either potential presence or absence across North
America.
Next, we generated a final consensus model for each species. An
initial approach considered any area that any of the models
deemed suitable as representing an area of potential distribution
(equivalent to an ‘‘or’’ operation in combining layers). However,
exploration of these results showed relatively broad areas predicted
as suitable, suggesting that a more conservative definition of
suitable habitat was desirable. Our conservative approach for
2A 2B
2C 2D
2E 2F
Figure 2. Process diagram summarizing the assembly of ecological niche model predictions for Pleistocene distributions. For continuous
predictions, colors shift from gray to green as prediction values increase from 0 to 10 (GARP) or 100 (Maxent). For binary predictions, areas predicted
as suitable at Last Glacial Maximum are shown in green, and those not so predicted are in gray. Hatching indicates approximate locations of ice
sheets [68], and dotted lines indicate present day coastlines. (A) Present day occurrences (black dots) and binary ENM prediction of Myodes gapperi
using GARP, based on a threshold of 5 of 10 replicate models. (B) LGM projection of present-day ENM to climates reconstructed in CCSM model for M.
gapperi using GARP. (C) LGM projection of present-day ENM to climates reconstructed in MIROC model for M. gapperi using GARP. (D) LGM binary
prediction of M. gapperi from CCSM or MIROC models, using GARP threshold of 5. (E) LGM binary prediction of M. gapperi from CCSM or MIROC
models, using Maxent threshold of 10. (F) Logical combination of GARP5 ‘and’ Maxent10 models for LGM prediction of M. gapperi.
doi:10.1371/journal.pone.0000563.g002
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generating a model consensus was to keep any area predicted by
either climate model but to discard areas not predicted as suitable
by both algorithms (equivalent to an ‘‘or’’ operation for climate
models and an ‘‘and’’ operation for algorithms).
Comparing ENM-predicted and phylogeographic
refugia hypotheses
Prior to and independent of calculating ENM predictions, we
converted textual or map-based descriptions of refugial locations
from the phylogeographic literature (Table 1) into a geographic
footprint. In the case of maps, we transcribed their locations as
polygons directly into vector shapefiles in ArcGIS. When only
textual descriptions of refugial locations were available, we
converted descriptions into polygon footprints using techniques
similar to those for georeferencing occurrence localities [60]. Of
course, some refugial locations are more precise than others, and
this is reflected in the polygon-based summaries used here: for
example, ‘‘Queen Charlotte Islands’’ is relatively precise, whereas
‘‘Central Highlands west of the Mississippi River’’ is relatively
imprecise.
Then, we compared quantitatively amounts of areal overlap
between phylogeographic- and ENM-predicted footprints via
three quantitative measures of overlap for each species examined.
The first measure is the percentage of phylogeographic-predicted
area also predicted by ENM [65, equation 2]. The second measure
(over-prediction ratio, related to equation 1 in Hijmans and
Graham [65]) is the ratio of the area of ENM-suitable habitat to
the phylogeographic-predicted area; we assume that over-pre-
diction ratios much larger than unity represent poorer LGM
distributional reconstructions. Third, we compared ENM and
phylogeographic predictions in terms of the number of distinct
predicted refugia (i.e., disjunct polygons).
Significance testing
To test whether coincidence between the two predictions of
refugial locations was better than random, we analyzed spatial
correlations using the method of Dutilleul [66], as implemented in
Spatial Analysis in Macroecology (SAM) [67]. This method adjusts
the degrees of freedom in a correlation analysis based on measures
of spatial autocorrelation in both datasets. This adjustment is
necessary because we expect spatial autocorrelation a priori given
strong environmental gradients running both north-south (latitu-
dinal) and east to west (North American mountain ranges). To
assure that the test could be computed in a reasonable amount of
time, we aggregated the model outputs by a factor of 15–30, cut
the grids to those latitudinal areas that broadly contained
predicted suitable areas, and then outputted an xyz grid of
longitude, latitude, and either suitable or unsuitable for both ENM
and phylogeographic predictions.
SUPPORTING INFORMATION
Dataset S1 Occurrence data/coordinates (degrees Latitude,
Longitude) of the 20 species examined.
Found at: doi:10.1371/journal.pone.0000563.s001 (0.27 MB
XLS)
Table S1 Predicted phylogeographic refugia of the 20 taxa
examined.
Found at: doi:10.1371/journal.pone.0000563.s002 (0.07 MB
DOC)
Text S1 List of 19 environmental variables from the WorldClim
database [57] used in ecological niche modeling.
Found at: doi:10.1371/journal.pone.0000563.s003 (0.02 MB
DOC)
Text S2 List of data providers from which biodiversity
occurrence data were obtained.
Found at: doi:10.1371/journal.pone.0000563.s004 (0.03 MB
DOC)
Figure S1 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Arborimus long-
icaudus. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s005 (3.53 MB EPS)
Figure S2 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Blarina brevicauda.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s006 (5.43 MB EPS)
Figure S3 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Dicrostonyx
groenlandicus. Refugia identified in phylogeographic studies are
shown as black outlines. Areas predicted to be refugia are in green,
areas not predicted are in gray, and hatching indicates
approximate locations of ice sheets [68]. Dotted lines indicate
present day coastlines.
Found at: doi:10.1371/journal.pone.0000563.s007 (5.54 MB EPS)
Figure S4 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Glaucomys sabrinus.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s008 (6.39 MB EPS)
Figure S5 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Glaucomys volans.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate locations
of ice sheets [68]. Dotted lines indicate present day coastlines.
Found at: doi:10.1371/journal.pone.0000563.s009 (3.74 MB EPS)
Figure S6 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Lepus arcticus.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s010 (3.84 MB EPS)
Figure S7 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Martes americana.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate locations
of ice sheets [68]. Dotted lines indicate present day coastlines.
Found at: doi:10.1371/journal.pone.0000563.s011 (6.17 MB EPS)
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Figure S8 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Myodes gapperi.
Refugia identified in phylogeographic studies are shown as black
outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s012 (5.79 MB EPS)
Figure S9 Ecological niche modeling reconstructions of Pleisto-
cene Last Glacial Maximum (LGM) refugia for Ambystoma
maculatum. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s013 (4.24 MB EPS)
Figure S10 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Crotalus
atrox. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s014 (3.06 MB EPS)
Figure S11 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Desmognathus
wrighti. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s015 (1.67 MB EPS)
Figure S12 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Dicamptodon
tenebrosus. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s016 (3.37 MB EPS)
Figure S13 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Elaphe
obsoleta. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s017 (3.67 MB EPS)
Figure S14 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Eumeces
fasciatus. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s018 (3.94 MB EPS)
Figure S15 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Lampropeltis
zonata. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s019 (2.69 MB EPS)
Figure S16 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Plethodon
idahoensis. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s020 (6.04 MB EPS)
Figure S17 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Chamaea
fasciata. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s021 (2.85 MB EPS)
Figure S18 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Dendragapus
obscurus. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s022 (4.39 MB EPS)
Figure S19 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Poecile
gambeli. Refugia identified in phylogeographic studies are shown as
black outlines. Areas predicted to be refugia are in green, areas not
predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s023 (5.56 MB EPS)
Figure S20 Ecological niche modeling reconstructions of
Pleistocene Last Glacial Maximum (LGM) refugia for Polioptia
californica. Refugia identified in phylogeographic studies are shown
as black outlines. Areas predicted to be refugia are in green, areas
not predicted are in gray, and hatching indicates approximate
locations of ice sheets [68]. Dotted lines indicate present day
coastlines.
Found at: doi:10.1371/journal.pone.0000563.s024 (2.12 MB EPS)
ACKNOWLEDGMENTS
This research is based upon work supported by, or in part by, the U.S.
Army Research Laboratory and the U.S. Army Research Office under
grant number W911NF-05-1-0271. We thank P. Ersts, F. Fontanella, A.
Martin, and T. Ranker for insightful discussion, M. Papes¸ for GIS
assistance, N. Nagle and M. Rosenberg for advice on spatial statistics, and
J. Chave and C. Dick for their helpful comments on the manuscript. We
also thank the numerous museums whose data are available on networked
biodiversity information systems of natural history collection data such as
MaNIS, HerpNET, ORNIS and other species occurrence data providers
(see Text S2 for full list of providers used).
Author Contributions
Conceived and designed the experiments: RG EW. Analyzed the data: RG
EW. Other: Contributed to project planning: SP AN. Provided data layers:
AP RH. Contributed data: AN. Wrote large parts of the paper: RG EW.
Wrote parts of the paper: RH AP AN. Contributed to paper writing: SP.
Pleistocene Niche Modeling
PLoS ONE | www.plosone.org 9 July 2007 | Issue 7 | e563
REFERENCES
1. Jackson ST, Webb RS, Anderson KH, Overpeck JT, Webb III T (2000)
Vegetation and environment in eastern North America during the Last Glacial
Maximum. Quaternary Science Reviews 19: 489–508.
2. Hopkins DM, Matthews JVJ, Schweger CE, Young SB (1982) Paleoecology of
Beringia. New York: Academic Press. pp 489.
3. Wells PV (1983) Paleobiogeography of montane islands in the Great Basin since
the Last Glaciopluvial. Ecological Monographs 53: 341–382.
4. Hewitt GM (1996) Some genetic consequences of ice ages, and their role in
divergence and speciation. Biological Journal of the Linnean Society 58:
247–276.
5. Hewitt GM (2004) Genetic consequences of climatic oscillations in the
Quaternary. Philosophical Transactions of the Royal Society: Biological
Sciences 359: 183–195.
6. Pielou EC (1991) After the Ice Age. Chicago: University of Chicago Press. pp
366.
7. Dynesius M, Jansson R (2000) Evolutionary consequences of changes in species’
geographical distributions driven by Milankovitch climate oscillations. Proceed-
ings of the National Academy of Sciences USA 97: 9115–9120.
8. Graham RW, Lundelius Jr EL, Graham MA, Schroeder EK, Toomey III RS, et
al. (1996) Spatial response of mammals to late quaternary environmental
fluctuations. Science 272: 1601–1606.
9. Fink S, Excoffier L, Heckel G (2004) Mitochondrial gene diversity in the
common vole Microtus arvalis shaped by historical divergence and local
adaptations. Molecular Ecology 13: 3501–3514.
10. Fedorov V, Stenseth NC (2002) Multiple glacial refugia in the North American
Arctic: inference from phylogeography of the collared lemming (Dicrostonyx
groenlandicus). Proceedings of the Royal Society Biological Sciences Series B 269:
2071–2077.
11. Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, et al. (2004)
Extinction risk from climate change. Nature 427: 145–148.
12. Peterson AT, Tian H, Martı´nez-Meyer E, Sobero´n J, Sa´nchez-Cordero V, et al.
(2005) Modeling distributional shifts of individual species and biomes. In:
Lovejoy TE, Hannah L, eds. Climate change and biodiversity. New Haven,
Conn.: Yale University Press. pp 211–228.
13. Arau´jo MB, Pearson RG (2005) Equilibrium of species’ distributions with
climate. Ecography 28: 693–695.
14. Hoffmann RS (1981) Different voles for different holes: environmental
restrictions on refugial survival of mammals. In: Scudder GGE, Reveal JL,
eds. Evolution Today. Pittsburgh: Proceedings of the Second International
Congress of Systematic and Evolutionary Biology, Hunt Institute for Botanical
Documentation. pp 25–45.
15. Avise JC, Walker D, Johns GC (1998) Speciation durations and Pleistocene
effects on vertebrate phylogeography. Proceedings of the Royal Society of
London Series B Biological Sciences 265: 1707–1712.
16. Hewitt GM (2001) Speciation, hybrid zones and phylogeography - or seeing
genes in space and time. Molecular Ecology 10: 537–549.
17. Somner RS, Nadachowski A (2006) Glacial refugia of mammals in Europe:
evidence from fossil records. Mammal Review 36: 251–265.
18. Weisrock DW, Janzen FJ (2000) Comparative molecular phylogeography of
North American softshell turtles (Apalone): implications for regional and wide-
scale historical evolutionary forces. Molecular Phylogenetics and Evolution 14:
152–164.
19. Martı´nez-Meyer E, Peterson AT, Hargrove WW (2004) Ecological niches as
stable distributional constraints on mammal species, with implications for
Pleistocene extinctions and climate change projections for biodiversity. Global
Ecology and Biogeography 13: 305–314.
20. Peterson AT, Martı´nez-Meyer E, Gonza´lez-Salazar C (2004) Reconstructing the
Pleistocene geography of the Aphelocoma jays (Corvidae). Diversity and
Distributions 10: 237–246.
21. Sobero´n J, Peterson AT (2005) Interpretation of models of fundamental
ecological niches and species’ distributional areas. Biodiversity Informatics 2:
1–10.
22. Peterson AT (2003) Predicting the geography of species’ invasions via ecological
niche modeling. Quarterly Review of Biology 78: 419–433.
23. Holt RD (1996) Demographic constraints in evolution: towards unifying the
evolutionary theories of senescence and niche conservatism. Evolutionary
Ecology 10: 1–11.
24. Peterson AT, Sobero´n J, Sa´nchez-Cordero V (1999) Conservatism of ecological
niches in evolutionary time. Science 285: 1265–1267.
25. Wiens JJ, Graham CH (2005) Niche conservatism: integrating evolution,
ecology, and conservation biology. Annual Review of Ecology and Systematics
36: 519–539.
26. Martı´nez-Meyer E, Peterson AT (2006) Conservatism of ecological niche
characteristics in North American plant species over the Pleistocene-to-Recent
transition. Journal of Biogeography 33: 1779–1789.
27. Hugall A, Moritz C, Moussalli A, Stanisic J (2002) Reconciling paleodistribution
models and comparative phylogeography in the Wet Tropics rainforest land
snail Gnarosophia bellendenkerensis (Brazier 1875). Proceedings of the National
Academy of Sciences USA 99: 6112–6117.
28. Sobero´n J (1999) Linking biodiversity information sources. Trends in Ecology &
Evolution 14: 291.
29. Edwards JL, Lane MA, Nielsen ES (2000) Interoperability of biodiversity
databases: biodiversity information on every desktop. Science 289: 2312–2314.
30. Canhos VP, de Souza S, De Giovanni R, Canhos DAL (2004) Global
biodiversity informatics: setting the scene for a ‘new world’ of ecological
modeling. Biodiversity Informatics 1: 1–13.
31. Stein BR, Wieczorek J (2004) Mammals of the world: MaNIS as an example of
data integration in a distributed network environment. Biodiversity Informatics
1: 14–22.
32. Wiens JJ (2004) Speciation and ecology revisited: phylogenetic niche
conservatism and the origin of species. Evolution 58: 193–197.
33. Yesson C, Culham A (2006) Phyloclimatic modeling: combining phylogenetics
and bioclimatic modeling. Systematic Biology 55: 785–802.
34. Graham CH, Ron SR, Santos JC, Schneider CJ, Moritz C (2004) Integrating
phylogenetics and environmental niche models to explore speciation mech-
anisms in dendrobatid frogs. Evolution 58: 1781–1783.
35. Martı´nez-Meyer E (2002) Evolutionary Trends in Ecological Niches of Species.
LawrenceKansas: Ph.D. thesis, Department of Geography, University of
Kansas.
36. Knouft JH, Losos JB, Glor RE, Kolbe JJ (2006) Phylogenetic analysis of the
evolution of the niche in lizards of the Anolis sagrei group. Ecology 87: S29–S38.
37. Jakob SS, Ihlow A, Blattner FR (2007) Combined ecological niche modelling
and molecular phylogeography revealed the evolutionary history of Hordeum
marinum (Poaceae) — niche differentiation, loss of genetic diversity, and
speciation in Mediterranean Quaternary refugia. Molecular Ecology 16:
1713–1727.
38. Carstens BC, Richards CL (2007) Integrating coalescent and ecological niche
modeling in comparative phylogeography. Evolution 61: 1439–1454.
39. Ruegg KC, Hijmans RJ, Moritz C (2006) Climate change and the origin of
migratory pathways in the Swainson’s thrush, Catharus ustulatus. Journal of
Biogeography 33: 1172–1182.
40. Wakeley J (2006) Coalescent Theory. Greenwood VillageCO: Roberts &
Company. pp 220.
41. Edwards SV, Beerli P (2000) Perspective: gene divergence, population
divergence, and the variance in coalescence time in phylogeographic studies.
Evolution 54: 1839–1854.
42. Guisan A, Zimmermann NE (2000) Predictive habitat distribution models in
ecology. Ecological Modelling 135: 147–186.
43. Anderson RP, Lew D, Peterson AT (2003) Evaluating predictive models of
species’ distributions: criteria for selecting optimal models. Ecological Modelling
162: 211–232.
44. Thuiller W, Richardson DM, Pysek P, Midgley GF, Hughes GO, et al. (2005)
Niche-based modelling as a tool for predicting the risk of alien plant invasions at
a global scale. Global Change Biology 11: 2234–2250.
45. Arau´jo MB, Guisan A (2006) Five (or so) challenges for species distribution
modelling. Journal of Biogeography 33: 1677–1688.
46. Pearson RG, Raxworthy C, Nakamura M, Peterson AT (2007) Predicting
species’ distributions from small numbers of occurrence records: a test case using
cryptic geckos in Madagascar. Journal of Biogeography 34: 102–117.
47. Arau´jo MB, Whittaker RJ, Ladle RJ, Erhard M (2005) Reducing uncertainty in
projections of extinction risk from climate change. Global Ecology and
Biogeography 14: 529–538.
48. Pearson RG, Dawson TP (2003) Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology
and Biogeography 12: 361–371.
49. Arau´jo MB, Thuiller W, Pearson RG (2006) Climate warming and the decline of
amphibians and reptiles in Europe. Journal of Biogeography 33: 1712–1728.
50. Marsh DM, Thakur KA, Bulka KC, Clarke LB (2004) Dispersal and
colonization through open fields by a terrestrial, woodland salamander. Ecology
85: 3396–3405.
51. Cook JA, Runck AM, Conroy CJ (2004) Historical biogeography at the
crossroads of the northern continents: molecular phylogenetics of red-backed
voles (Rodentia: Arvicolinae). Molecular Phylogenetics and Evolution 30:
767–777.
52. Waltari E, Cook JA (2005) Hares on ice: phylogeography and historical
demographics of Lepus arcticus, L. othus, and L. timidus (Mammalia: Lagomorpha).
Molecular Ecology 14: 3005–3016.
53. Miller GH, Wolfe AP, Steig EJ, Sauer PE, Kaplan MR, et al. (2002) The
Goldilocks dilemma: big ice, little ice, or ‘‘just-right’’ ice in the Eastern Canadian
Arctic. Quaternary Science Reviews 21: 33–48.
54. Arbogast BS (1999) Mitochondrial DNA phylogeography of the New World
flying squirrels (Glaucomys): implications for Pleistocene biogeography. Journal of
Mammalogy 80: 142–155.
55. Dansgaard W, Johnsen SJ, Clausen HB, Dahl-Jensen D, Gundestrup NS, et al.
(1993) Evidence for general instability of past climate from a 250-kyr ice-core
record. Nature 364: 218–220.
56. Kidd DM, Ritchie MG (2006) Phylogeographic information systems: putting the
geography into phylogeography. Journal of Biogeography 33: 1851–1865.
57. Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high
resolution interpolated climate surfaces for global land areas. International
Journal of Climatology 25: 1965–1978.
58. Collins WD, Blackmon M, Bitz C, Bonan G, Bretherton CS, et al. (2004) The
community climate system model: CCSM3. Journal of Climate 19: 2122–2143.
Pleistocene Niche Modeling
PLoS ONE | www.plosone.org 10 July 2007 | Issue 7 | e563
59. Hasumi H, Emori S (2004) K-1 coupled GCM (MIROC) description. Tokyo:
Center for Climate System Research, University of Tokyo. pp 34.
60. Guralnick RP, Wieczorek J, Beaman R, Hijmans RJ, Biogeomancer Working
Group (2006) BioGeomancer: automated georeferencing to map the world’s
biodiversity data. PLoS Biology 4: 1908–1909.
61. Wieczorek J, Guo Q, Hijmans RJ (2004) The point-radius method for
georeferencing locality descriptions and calculating associated uncertainty.
International Journal of Geographical Information Science 18: 745–767.
62. Pearson RG, Thuiller W, Arau´jo MB, Martı´nez-Meyer E, Brotons L, et al.
(2006) Model-based uncertainty in species range prediction. Journal of
Biogeography 33: 1704–1.
63. Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of
species geographic distributions. Ecological Modelling 190: 231–259.
64. Stockwell DRB, Peters DP (1999) The GARP modelling system: problems and
solutions to automated spatial prediction. International Journal of Geographical
Information Systems 13: 143–158.
65. Hijmans RJ, Graham CH (2006) The ability of climate envelope models to
predict the effect of climate change on species distributions. Global Change
Biology 12: 1–10.
66. Dutilleul P (1993) Modifying the t test for assessing the correlation between two
spatial processes. Biometrics 49: 305–314.
67. Rangel TFLVB, Diniz-Filho JAF, Bini LM (2006) Towards an integrated
computational tool for spatial analysis in macroecology and biogeography.
Global Ecology and Biogeography 15: 321–327.
68. Ray N, Adams JM (2001) A GIS-based Vegetation Map of the World at the Last
Glacial Maximum (25,000–15,000 BP). Internet Archaeology 11: Download:
http://anthro.unige.ch/lgmvegetation/.
69. Miller MP, Bellinger MR, Forsman ED, Haig SM (2006) Effects of historical
climate change, habitat connectivity, and vicariance on genetic structure and
diversity across the range of the red tree vole (Phenacomys longicaudus) in the Pacific
Northwestern United States. Molecular Ecology 15: 145–159.
70. Brant SV, Ortı´ G (2002) Molecular phylogeny of short-tailed shrews, Blarina
(Insectivora: Soricidae). Molecular Phylogenetics and Evolution 22: 163–173.
71. Brant SV, Ortı´ G (2003) Phylogeography of the Northern short-tailed shrew,
Blarina brevicauda (Insectivora: Soricidae): past fragmentation and postglacial
recolonization. Molecular Ecology 12: 1435–1449.
72. Stone KD, Flynn RW, Cook JA (2002) Post-glacial colonization of northwestern
North America by the forest-associated American marten (Martes americana,
Mammalia: Carnivora: Mustelidae). Molecular Ecology 11: 2048–2063.
73. Runck AM, Cook JA (2005) Post-glacial colonization of the southern red-backed
vole (Clethrionomys gapperi) in North America. Molecular Ecology 14: 1445–1456.
74. Zamudio KR, Savage WK (2003) Historical isolation, range expansion, and
secondary contact of two highly divergent mitochondrial lineages in spotted
salamanders (Ambystoma maculatum). Evolution 57: 1631–1652.
75. Castoe TA, Spencer CL, Parkinson CL (2007) Phylogeographic structure and
historical demography of the western diamondback rattlesnake (Crotalus atrox):
a perspective on North American desert biogeography. Molecular Phylogenetics
and Evolution 42: 193–212.
76. Crespi EJ, Rissler LJ, Browne RA (2003) Testing Pleistocene refugia theory:
phylogeographical analysis of Desmognathus wrighti, a high-elevation salamander in
the southern Appalachians. Molecular Ecology 12: 969–984.
77. Steele CA, Storfer A (2006) Coalescent-based hypothesis testing supports
multiple Pleistocene refugia in the Pacific Northwest for the Pacific giant
salamander (Dicamptodon tenebrosus). Molecular Ecology 15: 2477–2487.
78. Burbrink FT, Lawson R, Slowinski JB (2000) Mitochondrial DNA phylogeo-
graphy of the polytypic North American rat snake (Elaphe obsoleta): a critique of
the subspecies concept. Evolution 54: 2107–2118.
79. Howes BJ, Lindsay B, Lougheed SC (2006) Range-wide phylogeography of
a temperate lizard, the five-lined skink (Eumeces fasciatus). Molecular Phyloge-
netics and Evolution 40: 183–194.
80. Rodrı´guez-Robles JA, Denardo DF, Staub RE (1999) Phylogeography of the
California mountain kingsnake, Lampropeltis zonata (Colubridae). Molecular
Ecology 8: 1923–1934.
81. Carstens BC, Stevenson AL, Degenhardt JD, Sullivan J (2004) Testing nested
phylogenetic and phylogeographic hypotheses in the Plethodon vandykei species
group. Systematic Biology 53: 781–792.
82. Burns KJ, Barhoum DN (2006) Population-level history of the wrentit (Chamaea
fasciata): implications for comparative phylogeography in the California Floristic
Province. Molecular Phylogenetics and Evolution 38: 117–129.
83. Barrowclough GF, Groth JG, Mertz LA, Gutie´rrez RJ (2004) Phylogeographic
structure, gene flow and species status in blue grouse (Dendragapus obscurus).
Molecular Ecology 13: 1911–1922.
84. Spellman GM, Riddle BR, Klicka J (2007) Phylogeography of the mountain
chickadee (Poecile gambeli): diversification, introgression, and expansion in
response to Quaternary climate change. Molecular Ecology 16: 1055–1068.
85. Zink RM, Barrowclough GF, Atwood JL, Blackwell-Rago RC (2000) Genetics,
taxonomy, and conservation of the threatened California Gnatcatcher.
Conservation Biology 14: 1394–1405.
Pleistocene Niche Modeling
PLoS ONE | www.plosone.org 11 July 2007 | Issue 7 | e563
